For an introduction to nano-electromechanical systems we present measurements on nanomechanical resonators operating in the radio frequency range. We discuss in detail two different schemes of displacement detection for mechanical resonators, namely conventional reflection measurements of a probing signal and direct detection by capacitive coupling via a gate electrode. For capacitive detection we employ an on-chip preamplifier, which enables direct measurements of the resonator's displacement. We observe that the mechanical quality factor of the resonator depends on the detection technique applied, which is verified in model calculations and report on the detection of sub-harmonics. In the second part we extend our investigations to include transport of single electrons through an electron island on the tip of a nanomachined mechanical pendulum. The pendulum is operated by applying a modulating electromagnetic field in the range of 1 − 200 MHz, leading to mechanical oscillations between two laterally integrated source and drain contacts. Forming tunneling barriers the metallic tip shuttles single electrons from source to drain. The resulting tunneling current shows distinct features corresponding to the discrete mechanical eigenfrequencies of the pendulum. We report on measurements covering the temperature range from 300 K down to 4.2 K. The transport properties of the device are compared in detail to model calculations based on a Master-equation approach.
Introduction
Nano-electromechanical systems (NEMS) are investigated because of their promising features regarding sensitive tools for sensor and communications technology. This systems may also be used as 'quantum-mechanical' resonators which allow to explore mechanics in the quantum mechanical range when operated at several GHz at ultra low temperatures. In the first part we want to address different detection schemes necessary to achieve sensitive displacement detection for NEMS. It is shown that the measured Q-value of this structures depends on the detection scheme used. This fact permits to increase the sensitivity of those systems by using the appropriate detection technique. In this way a handle on quantum squeezing experiments with these mesoscopic mechanical systems is attained [1] . This scheme of detection is also suited for probing quadrature squeezed states [2] .
In the second part we will focus on a non-classical version of one of the traditional experiments in the electrodynamics class: Usually it is set up by two large capacitor plates and a metallized ball suspended in between the plates.
216
Applying a constant voltage of some 100 V across the plates leads to the onset of periodic charge transfer by the ball bouncing back and forth, similar to a classical bell [3] . The number of electrons transferred by the metallized ball in each revolution naturally depends on the volume of the metal, but can be estimated to be of the order of 10 10 . At an oscillation frequency of some 10 Hz up into the audible kHz-range this gives a typical current of 1−10 µA. The question arising is whether such an experiment can be performed on the microscopic level in order to achieve a transfer not of a multitude but of only one electron per cycle of operation at frequencies of some 100 MHz. Indeed this can be achieved by simply scaling down the setup and applying a nanomechanical resonator. Such a device is of great importance for signal processing applications and for metrology, since it allows to transfer single electrons at radio frequencies and reduces cotunneling events at the same time.
Fabrication of Nanoscale Device with Three-Dimensional Relief
The beam-resonators are built up of freely suspended silicon beams, covered by an 50 nm resp. 100 nm thick conducting layer, close to which tapered electrodes are mounted sidewise. These electrodes may serve for capacitive excitation and detection purposes. During the fabrication process optic and electron lithographic steps are used first, to structure gates and an etch mask. Than the resonators are defined by succeeding steps of dry and wet etching. Electron micrographs of this structures are show in Fig. 6 . Processing of the electron shuttle is more advanced, since two steps in electron beam lithography have to be performed. The mechanical pendulum itself is defined by etching in a combination of dry and wet etch steps. Alignment of the etch mask with respect to the metallic leads has to be accurate down to 10 nm in order to provide well defined tunneling contacts. In earlier work we ensured that the processing steps, which are also used in our present work, provide clean and tuneable tunneling contacts [4] . A schematic drawing of the measurement setup is shown in Fig.6 . The details of the techniques used to fabricate the nanoscale devices are reported in preceding work in more detail [5, 6, 7] .
Detecting Motion of Nanomechanical Resonators
The resonators can be driven either by the capacitive forces of the electrodes, or by Lorentz forces, due to placement of the structures in an external magnetic field and inducing an alternating current along the length of the conducting metal on top of the beam. One way of detecting the amplitude of an oscillating motion is to take advantage of the amplitude dependent impedanceẐ res of the resonator component, due to electro motive forces. This is easily measured with an usual networkanalyser HP 8751A together with a test-set in order to measure the S-parameters of the component. With the mentioned side-gates it where m ef f is the effective mass of the beam and the length of the beam l is connected via L = lπ/2. The attenuation constant is referred to as µ. The minimum detectable force using mechanical cantilevers is limited by the vibrational noise and is given by [8] 
where κ is the spring constant of the beam or cantilever, w, t, l, are the width, thickness, and length of the beam and Q is the mechanical quality factor, being defined as Q = f 0 /δf 0 , where δf 0 denotes the width of the resonance peak.
Regarding this context the aim is to achieve a considerable size reduction of the structures leading to higher eigenfrequencies. Fig. 2 shows measured spectra of the reflected power for one of the two different magnetically driven beams with different dimensions (henceforth these resonators will be called m 1 and m 2 , as assigned in Fig. 2 ). This resonators are for 4.2K resonant at 95.93MHz for m 1 resp. 81.7MHz for m 2 , where the varied magnetic field was oriented perpendicular to the beam for m 1 and parallel for m 2 , so that two different modes, were generated. These resonances could be verified by capacitive detection. There are several factors which limit the quality of the resonator. The most important are losses due to the ohmic resistance of the conduction layers, the viscous inner damping of the material itself and the external resistance of the setup. The upper bound for the Q-value due to an finite resistance of the conduction layer can easily be estimated. Using this setup as an electrometer yields a charge sensitivity of 1.3 × 10 −3 e/ √ Hz, which is three orders of magnitude better than previously measured [10] .
The result when using capacitive detection to probe the resonances of m 2 is depicted in Fig. 3 . In this measurement we observed an enhanced quality factor for m 2 of Q ∼ 4150. This value is increased by a factor of 1.52 as compared to the value measured by the standard detection technique. This behaviour can be modeled by simply taking into account the different functional dependencies of the measuered signal on the excitation frequency [8] . The resonance has Lorenzian shape when measuring the induced voltage. Using capacitive detection the signal depends on the square of the Lorenzian, resulting in an enhanced qualityfactor and a shift of the peaks. The factor of 1.52 for the enhanced Q-value is reproduced by the calculations while the shift is observed but too large compared with theory.
To further increase the sensitivity of NEMS for sensor applications a simple approach is to probe harmonics of the base frequency at higher frequencies. Although, it is easy to calculate resonance frequencies by finite element methods (FEM), there has been no observation of several modes for a single structure so far. In Fig. 3 we present measurements on a third beam with sligthly modified dimensions revealing two Lorenzians. The measured spectrum in Fig. 4 shows two resonances at 26.9 MHz and 35.5 MHz. Using FEM [11] we can assign the resonance at ω 0 = 35.6 MHz to the first eigenmode of the beam, which is also nanomechanical resonators, machined out of Silicon On Insulator (SOI) material, is their insensitivity to thermal and electrical shocks as has been shown in their application for electrometry [15, 16] . This and the high speed of operation enable direct integration in filter applications [17] . We have already demonstrated, that a nanomechanical tunneling contact, which operates at radio frequencies (rf), can be built out of SOI substrates [4] . The tunneling process in turn is very sensitive to changes of the environmental conditions, thus its use in sensor applications.
A schematic drawing of the measurement setup is shown in Fig. 6 . In order to guarantee clean tunneling contacts for the real device shown in the sample chamber was heated and pumped prior to the measurements. The first measurements were performed at room temperature. The sample was mounted in an evacuated sample holder with a small amount of helium gas added, to ensure thermal coupling. The 300 K trace shows a variety of resonances, where the source/drain current is increased due to the motion of the clapper. This behavior is well known from the measurements performed on the single tunneling barrier [4] .
In order to calculate the probability p(m, t) to find m additional electrons on the island at time t a Master equation was used [14] . In our case the island oscillates mechanically (x(t) = x max sin(ωt)) which leads to time dependent transition rates Γ (m, t) at the leads. Collecting gain and loss terms the Master equation reads
with golden rule tunneling rates of the form [18] 
The time dependence of both R and the capacitance C in ∆E ∝ e 2 C leads to
Here
is a strongly varying function of time, which is dominated by the exponentially varying R(t) (t max is the time where the island is at its closest point to the right electrode). For the rates Γ
R,m (t) whose time dependence is determined by that of the capacitance only, we take the standard result for tunneling rates when a voltage of −V/2 is applied at the left electrode and a voltage of V/2 is applied at the right electrode:
e 2 CΣ(t)kBT (7) where τ = R R (t max )C R (t max ) and C Σ (t) = C R (t) + C L (t). For the left electrode the indices R and L have to be interchanged, V has to be replaced by −V and x(t) by −x(t) .
In order to be able to solve the master equations analytically, we replace the function g R (t) by a step functiong R (t) having the same height and area:
The width 2t 0 corresponds to an effective contact time. As expected, the contact time decreases for increasing oscillation frequencies (x max λ , t max t 0 ). The solutions p(m|n, t) of the Master equation can be used to calculate the probability p ∆ (m) that m electrons are transferred:
where p i (k) is the initial probability to find k additional electrons on the island ( k p i (k) = 1). From p ∆ (n) we then calculated both N and
For very low temperatures k B T e 2 C Coulomb blockade fixes the number of additional electrons n on the island between −n max and n max strictly. The resulting coulomb staircase is shown in Fig. 5 .
In the middle of the first step the analytic expressions for the average number of electrons transferred ( N ) and the mean square fluctuations ((∆N )
2 ) are comparatively simple [14] :
where a ≡ exp − t0 τ . In the present experiment [12] the clapper is set into motion by an ac-voltage applied to the two driving gates at frequency f 0 . This leads to an alternating force acting on the grounded lower part of the pendulum. Additionally, the driving voltage also acts as a gate voltage. The gate capacitance is approximately ) no electrons are transferred. The Coulomb staircase becomes symmetric for t0 τ . The agreement between analytical results (lines) and computer simulations (crosses) is excellent [14] . C ≈ 84 aF which corresponds to gate charges of up to ±527 e if voltages of up to ±1V are applied. We modified Eq. (3) in order to account for the influence of the gate voltage [12] . If the frequency f 0 of the driving force meets the eigenfrequency of the clapper, resonant motion is excited. In our calculations this kind of motion shows a large number of electrons transferred at a high accuracy during each cycle. This creates the large peaks seen in the measurements. If the shuttle moves with frequencies different from f 0 (e.g. excited thermally), the resulting current has a much smaller signal to noise ratio. Therefore, the large value of the gate-voltage explains both the high number of electrons transferred at room temperature and the background depending on whether or not the clapper moves with the same frequency as the applied voltage. The great number of peaks can be understood by assuming a complex mode spectrum. This fact is supported by numerical calculations using a finite element program [11] .
Numerical solution of the modified Eq. (3) results in the height of the peaks being determined by the applied gate-voltage V G . The number of electrons transferred does hardly depend on source/drain bias, since the voltages applied on the driving gates are a factor 10 3 larger than the source/drain bias. In the experiment the peaks are superimposed on a background, which depends linearly on the source/drain bias. This background is due to the thermal motion of the clapper, since it disappears at lower temperatures. The displacement noise of a cantilever can be calculated in analogy to an electrical circuit [19] . The response of the clapper to an external force was calculated by a finite element program [11] . We conclude from this calculation, that contributions to the current can be expected up to frequencies of some GHz. This explains the amplitude of the thermal background.
The peak height does not depend on the dc-source/drain bias as well. Both facts can be explained by the large gate voltage.
The number of transferred electrons in this peak is ≈ 1000 which agrees with our theoretical estimate based on Eq. (3). These results have shown, that the electron transfer works well at room-temperature. Since electron tunneling should be very sensitive to environmental influences this opens an interesting possibility for sensor applications.
Measurements at lower temperatures show a complete suppression of the ohmic background and thus indicate its thermal nature. At temperatures of about 12 K a pronounced peak at 120 MHz is found. This peak is strongly attenuated towards lower temperatures of 4.2 K due to the increased stiffness of the clapper. The rest of the complex spectrum is completely suppressed at 4.2 K also because of the increased stiffness of the structure.
At helium temperature the motion of the clapper is strongly reduced, resulting in very high tunnel barriers at the turning points. The maximum current amplitude of the peak is (2.3±0.02) pA, which corresponds to a transfer of 0.11 electrons on average per cycle of motion of the clapper. Peaks in the classical experiment [4] show Lorentzian line shape. In order to obtain a formula for the peak fit for the present experiment we use the expression 10 in the limit of low contact times. Combined with the well known equations for the damped harmonic oscillator
we obtain [12] 
where The shape of the resonance differs strongly from the measurements on a single tunnelbarrier shown in Fig.8 b) . In these measurements the peak shape could be modelled by a Lorentzian line shape [4] .
Summary
We have presented measurements on several nanomachined resonators operating in the radio frequency regime. An on-chip preamplifier enables us to detect the displacement of the nanowires directly by capacitive coupling. This is compared to the conventional method which monitors the reflection of incident power. We find changes in the Q-factors depending on the detection scheme applied. This dependence can be modelled when taking into account the difference in dependence of the signals on the amplitude of oscillation. We also found evidence for the generation of sub-harmonic resonances of the nanomachined beam studied. This will allow to further increase the force sensitivity, by pumping the nanomechanical system on the fundamental mode while probing on one of the harmonic modes. In further experiments on mechanical resonators we have shown single electron tunneling by using a combination of nanomechanics and single electron devices. We have demonstrated a new way to transfer electrons one by one at radio frequencies. At 4.2 K we measured an average of 0.11 ± 0.001 electrons which shows that the resolution of current transport through the shuttle should also resolve Coulomb blockade effects. We estimate the temperature, at which Coulomb blockade should be observable to be 600 mK. Scaling down the island size will increase this temperature.
